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Solution diffusion modelAbstract A nanoﬁltration (NF) based separation process is used to treat the efﬂuent from a textile
plant to allow for water reuse and fulﬁll environmental standards. The wastewater efﬂuent contains
reactive black (RB5)- and disperse (DR60) dyes. A NF-unit model E2 series with HL 2521 TF spiral
wound module was used to carry out experiments. 90 & 93% color removal and COD reduction for
RB5 and 98 & 95% for DR60 were achieved. A parametric study of the separation process is under-
taken to characterize the effects of the operating variables, e.g., trans-membrane pressure, dye/salt
concentration in the feed, temperature, and cross ﬂow velocity. The solution diffusion model was
used to develop power correlations to calculate the permeate side solute mass transfer coefﬁcient
as a function of effective cross-ﬂow Reynolds number. In contrast to the commonly assumed con-
stant hydraulic solvent permeability, a non-linear relationship was developed over the applied trans-
membrane net driving pressure. The latter correlates exponentially with salt permeability for both
dyes. The effects of feed salt-content on solute mass transfer coefﬁcient, water and salt permeability,
concentration polarization, dye hydrophobicity and ionic strength were studied. Results were used
to assess engineering speciﬁcations of a commercial size NF-plant (500 m3/d capacity).
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Weaving, textile and dying industry represent one of the most
important economic sectors in Egypt whose production exceeds
$5 billion in 2012. The latter constitutes 25% of the Egyptian
gross domestic production. The textile fabrics – particularly
Nomenclature
A membrane area (m2)
Aeff effective area (m
2)
b leaf width (m)
cif concentration of component i in the feedstock
(mg/L)
cip concentration of component i in the permeate
(mg/L)
csp concentration of adsorbate on the membrane at
equilibrium (mol/kg)
cdsp total dissolved adsorbate concentration remaining
in the solution at equilibrium (mg/m3)
C average salinity on the feed side (mg/L)
Cf dye/salt feed concentration (mg/L)
Cc concentrate concentration (mg/L)
Cp permeate concentration (mg/L)
dh hydraulic diameter (m
2)
D solute diffusion coefﬁcient in water (m2/s)
DR dye rejection (%)
h channel height (m2)
hsp spacer thickness (m
2)
Jp permeate ﬂux (L/m
2 h)
Js salt ﬂux (kg/m
2_sh)
k mass transfer coefﬁcient (m/s)
kp permeate – side mass transfer coefﬁcient (m/s)
Ksp membrane sorption coefﬁcient (m
3/kg)
Ks salt permeability coefﬁcient (m/s)
Kw water permeability coefﬁcient (m
3/m2 s bar)
l membrane thickness (m)
L channel length (m)
Ms rate of solid ﬂow through the membrane (kg/s)
NDP net driving pressure (bar)
P operating pressure (bar)
DP net hydraulic pressure differential across the
membrane (bar)
P average hydraulic pressure side (bar) on the feed
Pf hydraulic pressure on the feed side (bar)
Pp hydraulic pressure on the permeate side (bar)
Pc hydraulic pressure on the concentrate side (bar)
ðPf  PpÞ pressure difference across the membrane (bar)
Qf feed ﬂow rate (L/h)
Qc concentrate ﬂow rate (L/h)
Qp permeate ﬂow rate (L/h)
R universal gas constant (bar m3/mol C)
Reeff effective cross ﬂow Reynolds number on permeate
side (–)
Rec effective cross ﬂow Reynolds number on concen-
trate side (–)
Rm membrane hydraulic resistance (m
1)
Rnon-rec any non-recoverable resistance developed during
ﬁltration (m1)
Sfc wetted surface of the ﬂat channel (m
2)
Ssp wetted surface of the spacer (m
2)
Sc Schmidt number (–)
Sh Sherwood number (–)
SR salt rejection (%)
T operating temperature (C)
U ﬂuid linear velocity (m/s)
ueff effective cross ﬂow ﬂuid velocity (m/s)
Vfc volume of the ﬂat channel (m
3)
VTot total volume (m
3)
Vsp volume of the spacer (m
3)
Greek symbols
q ﬂuid density (kg/m3)
l dynamic viscosity of the solution (kg m1 s1)
r osmotic reﬂection coefﬁcient (–)
#i molar volume of component i (m
3/mol)
Dp net osmotic pressure differential across the mem-
brane (bar)
p average osmotic pressure on the feed side (bar)
pf osmotic pressure on the feed side (bar)
pp osmotic pressure on the permeate side (bar)
pc osmotic pressure on the concentrate side (bar)
e porosity (–)
s payback period (year)
80 A.M.F. Shaaban et al.dye houses – are frequently considered as one of the most haz-
ardous water-polluting sources in Egypt.
Their wastewater usually contains residuals of dyestuffs,
detergents, sulﬁde compounds, solvents, heavy metals and
inorganic salts whose concentrations are beyond environmen-
tal allowances. Compliance with Egyptian environmental laws
oblige such fabrics to practice treatment units to verify envi-
ronmental standards [1,2].
The waste efﬂuent contaminants are based on the type of
the process being used [3,4] and cannot be directly discharged
to receiving water bodies due to their dramatic harmful impact
on the environment [5–10]. Dyestuff-efﬂuents as the major
toxic polluting source are usually subjected to conventional
biological treatment by activated sludge. The latter does not
meet great success as most of dyes resist aerobic biological
treatment and chemical oxidation [3].
An advanced treatment technology is therefore necessary,
especially if reuse of treated wastewater and de-colorizationare objectives [11]. Membrane ﬁltration can be considered as
an optimal solution to remove color, COD and salinity
[12,13]. Nanoﬁltration (NF) has proved high reliability in
many waste water puriﬁcation purposes [14–17]. NF-process
is an efﬁcient color removing technology, reducing the volume
of generated wastewater, recovering and recycling valuable
constituents. It functions by both pore size ﬂow and the solu-
tion diffusion mechanism [18,19].
The present work is concerned with the study of the perfor-
mance of low pressure NF-membrane unit for treating dye-
house efﬂuents from El-Alamia Company for Textile and
Dying (10th of Ramadan Industrial City) aiming to: (i) recycle
water permeate for reuse, (ii) recovery of residual dyestuffs in
concentrate stream, and (iii) reduction of pollution impacts to
conform with environmental standards.
Wastewater efﬂuents of dyed-cotton and polyester were
thoroughly analyzed for pH, COD, TSS, and TDS according to
standard analytical procedures, with HACH spectrophotometer
Table 1 Membrane technical characteristics.
Property Description
(1) Model GE Series HL-2521 TF, Spiral wound
module, 2100 long
(2) Length and diameter 53.3 cm and 6.4 cm
(3) Molecular weight cut
oﬀ
150–300 Daltons (uncharged organic)
(4) Feed spacers 28 mils (designed male end
connections)
(5) Active area 2.1 m2
(6) Maximum operating
temperature
50 C
(7) Typical ﬂux range 15–35 L/h m2
(8) Typical operating
pressure range
70–300 psig (4.8–20 bar)
(9) pH – operating range 3–9
Nanoﬁltration unit for treatment of textile plant efﬂuent 81for color assessment. IR-spectra were practiced to assess the
dyes-functional groups and structural formulas.
The principal property of NF-membranes is the ability to
control the permeation of different species which is described
by the solution diffusion model. A separation is achieved
between different permeates because of differences in the
amount of material that dissolves in the membrane and the
rate at which the material diffuses through the membrane [19].
The main objective of this study is to investigate, evaluate
and optimize the performance of a Desal HL 2521-TF
NF-membrane separation process (Table 1). The effects of
different conditions of operating pressure, temperature, cross
ﬂow velocity, feed concentration and operating time on dye/
salt rejections in both reactive-RB5 and disperse-DR60 dye/
salt solution mixtures have been investigated [20,21]. In addi-
tion, parameters of solution diffusion model (SDM) for the
description of dye/salt rejection were evaluated [18,22].
Experimental results were used to conduct scaling-up engi-
neering design calculations for a commercial size NF-plant for
the treatment of dye house-efﬂuent-solutions (500 m3/d). The
techno-economic feasibility study guarantees an annual return
on investment of 11% and may reach 28% when the environ-
mental return on investment is considered. The corresponding
payback periods are 5.4 and 2.7 years respectively.Table 2 Characteristics of NF unit (OSMONICS – process
water group).
Item Description
(1) Model E2–0375
(2) Operating pressure 14–15 bar
(3) Recovery range 33–50%
(4) NF – design capacity 1.68 m3/d
(5) Permeate ﬂow rate 0.07 m3/h (0.3 gpm)
(6) Concentrate ﬂow rate 0.04–0.07 m3/h (0.2–0.3 gpm)
(7) Nominal rejection 95.98%
(8) Minimum inlet pressure 2 bar
(9) High pressure pump motor 0.37 kW (0.5 HP)
(10) Material of construction:
Frame Painted carbon steel
Membrane elements Desal AG2521TF
Membrane housing Stainless steel
Tubing Polyethylene2. Experimental
Characteristics of the NF-membrane separation unit are given
in Table 2. The schematic ﬂow diagram showing individual
unit-components and ﬂow streams is given in Fig. 1. Wastew-
ater efﬂuents of dyed-cotton and polyester were thoroughly
analyzed for pH, COD (ASTM 5220D), TSS (ASTM
2540B), and TDS (ASTM 2540C) according to standard chem-
ical procedures (Table 3). DR-2800 HACH-spectrophotometer
was used for color assessment of both dyes (kmax = 597 nm for
RB5, and kmax = 505 nm for DR60). IR-spectra (Fourier
Transform Infrared Spectrophotometer, Jasco-Japan FT/IR-
6100) were practiced to assess functional groups and structural
formulas of dyes used (Fig. 2).
3. Effect of operating parameters
3.1. Effect of operating pressure
NF – is frequently a pressure-driven physical process. The
variation of permeate ﬂux (Jp) under different net driving pres-
sures (NDP) is illustrated in Figs. 3 and 4 for dyes RB5 and
DR60 respectively. The permeate ﬂux (Jp) increases linearly
with the increase of operating pressures. However, the linear
increase in dye concentrate ﬂux diminishes beyond a speciﬁc
pressure. These two regimes are deﬁned as a pressure control-
ling region and mass transfer region. In the second region,
increasing the operating pressure only results in a buildup of
a solute layer. The latter will resist and consequently delay
the increase in the transport rate of components with increas-
ing pressure. Such limiting pressure should be considered to
allow appropriate design applications that guarantee optimum
ﬁxed- and operating costs.
The rate of permeate ﬂux (Jp) increase diminishes during
raising the operating pressure. This results, probably, from
the compressing effect of the membrane causing diminishing
of the active average pore size of the active membrane separat-
ing layer [6–8,23].
Fig. 5 shows the variation of % permeate recovery (%PR)
with (NDP), while the effect of applied operating pressure (P)
on %dye/salt rejections (%SR) for both reactive (RB5)- and
disperse (DR60)-dyes is illustrated in Fig. 6. The dye rejection
(%DR) was, generally, greater at higher ﬁltration pressures, in
qualitative agreement with the classical (Spiegler–Kedem) con-
vection/diffusion model for solute transport [24]. Higher efﬁ-
ciencies for DR60-efﬂuents are attributed to the lower salt
concentration in inlet dying solutions.
As the applied pressure is increased from 5 to 15 bar at a
constant feed ﬂow rate of 480 L/h and temperature of 25 C:
(i) the COD, TDS, and RB5-color removal percentages were
in the ranges 82? 93%, 27? 42%, and 83? 89% respec-
tively (dye/salt feed concentration Cf = 13,860 mg/L); (ii) the
COD, TDS, and DR60-color removal percentages were in
the ranges 92%? 94%, 92%? 94%, and 92%? 95%
respectively (dye/salt feed concentration Cf = 1410 mg/L).
3.2. Effect of feed ﬂow rate
The feed ﬂow rates (Qf) were varied from 390? 480 L/h,
keeping other operating parameters constant (feeding pressure
(P) = 15 bar; operating temperature (T) = 25 C; RB5 + salt
Figure 1 Schematic ﬂow diagram of nanoﬁltration-membrane separation system.
Table 3 Complete analysis of reactive dye (RB5) + salt efﬂuent solution.
Parameter Units Sample (1) Sample (2) Environmental law 93/62 for
discharge to public sewer network
Temperature C 28 30 <40
pH – 10 9.5 6–10
Color – Blue Dark blue Colorless
Turbidity NTU 40 48 –
TDS mg/l 13,860 37,250 2000
TSS mg/l 3800 9200 <500
COD mg/l 1215 1472 <700
Sodium (Na+) mg/l 5569 11,256 0–5 mg/l
Potassium (K+) mg/l 13 21
Calcium (Ca2+) mg/l 40 35
Magnesium (Mg2+) mg/l 16 26
Iron (Fe2+) mg/l 0.597 0.390
Copper (Cu2+) mg/l 0.213 0.120
Manganese (Mn+2) mg/l 0.064 0.010
Chromium (Cr3+) mg/l 0.043 0.032
Aluminum (AL3+) mg/l 1.541 1.740
Zinc (Zn2+) mg/l 7.558 3.400
82 A.M.F. Shaaban et al.concentration (Cf) = 13,860 mg/L; DR60 + salt concentra-
tion = 1410 mg/L). Greater feed ﬂow rates result in higher
permeate and concentrate ﬂow, and declined salt passage.
Permeate ﬂux (Jp) at different cross-ﬂow velocities (ucf) for
both dyes are shown in Fig. 7. The permeate ﬂux is increased
almost-linearly with increasing cross ﬂow velocity. Increasing
cross-ﬂow velocities results in: (i) increasing the mass transfer
of the system, (ii) improving the degree of mixing near the
membrane surface, (iii) reducing the degree of concentration
polarization and osmotic pressure on the membrane surface,
(iv) increasing tangential and radial velocities of the ﬂuid canbreak down the boundary layer and collapse resistivity to dif-
fusing species, (v) bringing on an ideal turbulence with favor-
able ﬂow pattern [21,25,26]. It is also clear that salt-ﬂuxes (Js)
are increased for both dyes as the cross ﬂow velocity (ucf) was
increased. The latter will reduce: (i) solute-concentration
polarization at the membrane surface, (ii) permeate concentra-
tion [20,27,28].
Experimental evidence has proved higher permeate-
concentrate- and salt rejection-ﬂuxes for DR60-dye solutions
as compared with RB5-dye solutions. This is frequently attrib-
uted to the higher inﬂuent RB5 dye/salt concentration.
Figure 2 Fourier infrared spectrum of reactive black RB5.
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Figure 3 Effect of net driving pressure ﬂux of reactive black RB5
(pH = 9.5; temperature = 25 C; ﬂow rate = 480 L/h; dye/salt
concentration = 13,860 mg/L).
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Figure 4 Effect of net driving pressure on permeate ﬂux of
dispersed red DR60 (pH = 7; temperature = 25 C; ﬂow
rate = 480 L/h; dye/salt concentration = 1410 mg/L).
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Figure 5 Effect of net driving pressure on % permeate recovery
of RB5 and DR60 (temperature = 25 C; ﬂow rate = 480 L/h;
dye/salt concentration = 13,860 mg/L for RB5 and 1410 mg/L for
DR60).
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Figure 6 Effect of operating pressure on salt rejection (temper-
ature = 25 C; ﬂow rate = 480 L/h; inlet feed concentration of
RB5- and DR60-solutions = 13,860 mg/L and 1410 mg/L
respectively).
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Figure 7 Effect of cross-ﬂow velocity on permeate ﬂux (temper-
ature = 25 C; pressure = 15 bar; inlet feed concentration of
RB5- and DR60-solutions = 13,860 mg/L and 1410 mg/L
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Figure 9 Effect of feed concentration on permeate ﬂux (temper-
ature = 25 C; pressure = 15 bar; ﬂow rate = 480 L/h).
84 A.M.F. Shaaban et al.3.3. Effect of operating temperature
Fig. 8 presents permeate ﬂux (Jp) of both reactive (RB5)- and
disperse (DR60)-dye solutions as a function of operating tem-
perature (T). Along with an increase in temperature, the per-
meate ﬂux and %recovery (%PR) are increased almost
linearly. The operating temperature was varied over the range
of 20? 45 C, keeping the other operating parameters con-
stant (pressure = 15 bar; ﬂow rate 480 L/h; RB5 + salt and
DR60 + salt inlet concentrations are 13,860 and 1410 mg/L
respectively).
Temperature increase will frequently result in more sorp-
tion of dye by the membrane. A higher temperature causes
more homogeneous dye concentration and distribution
between the solution and membrane phases that result in low-
ering dye rejection with a remarkable decline in salt ﬂux.
35 C was registered as optimum operating temperature
that fulﬁlls maximum dye recovery (%DR) and salt rejection
(%SR). For RB5 and DR60-dye solutions, the permeate ﬂuxes
at 45 C were about 1.4 and 1.2 times higher than those mea-
sured at 20 C respectively. This is frequently attributed to
increasing dye diffusion coefﬁcient, falling of mass transfer
resistance and decreasing of dye-solution viscosity.
3.4. Effect of concentration gradient
As water ﬂows through the membrane and the membrane
rejects salts, a boundary layer is formed near the membrane
surface in which the salt concentration exceeds the salt concen-
tration in the bulk solution. This increase of salt concentration
is called concentration polarization (CP) that reduces actual
product water ﬂow rate and salt rejection. The effects of
(CP) are: (i) greater osmotic pressure at the membrane surface
than in the bulk feed solution, that reduces net driving pressure
differential across the membrane, (ii) reduced permeate ﬂux
across the membrane, (iii) increased salt ﬂow across the mem-
brane (reduction of salt rejection), and (iv) the distinct possibil-
ity of salt precipitation causing membrane scaling [28,29].
Fig. 9 illustrates variation of permeate ﬂux (Jp) of both
reactive (RB5)- and disperse (DR60)-dye-salt solutions with
inlet feed concentration (Cf).y = 0.451x + 26.11 
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the equation of permeate ﬂux of solutions containing salts that
is:
Jp ¼ ðDP rDpÞlðRm þ Rnon-recÞ
When the concentration of the dye + salt solution is
increased, both the solution viscosity and CP are also
increased, causing an increase in non-recoverable resistance
(Rnon-rec). At the same time, osmotic pressure (Dp) would also
increase. Consequently, the effective ﬁltration driving force is
decreased in constant pressure operation (DP) and the perme-
ate ﬂux (Jp) is decreased inevitably.
It is evident from Fig. 10 that the rejection of dye (%DR) is
increased while increasing initial feed concentrations (Cf). This
is attributed to the formation of a gel layer by the rejected dye
on the membrane surface, which may act as additional resistive
layer. Higher feed concentration increases dye-accumulation,
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Figure 12 Effect of cross-ﬂow concentrate Reynolds number
and salt concentration on salt ﬂux (temperature = 25 C;
pressure = 15 bar).
Nanoﬁltration unit for treatment of textile plant efﬂuent 85rejection was observed experimentally, that could be attributed
to the electrostatic effect between the membrane and salt spe-
cies [30].
Different electrostatic interactions take place between dye,
NaCl and membrane. As expected from CP effect, the higher
salt concentrations resulted in a lower permeate ﬂux. Less
sharp decline is proved when dealing with dilute solutions [28].
An integrated graphical comparative presentation for the
effect of cross-ﬂow-Reynolds number variation (Reeff, Rec)
on the permeate- and salt-ﬂuxes (Jp, Js) of reactive (RB5)-
and disperse (DR60)-feed solutions is given in Figs. 11 and
12 respectively. It can be clearly deduced that higher
permeate- and lower salt-ﬂuxes are generated at higher Rey-
nolds numbers, particularly at low NaCl-concentrations
(DR60-dye-salt solutions).
4. Mass transfer in spiral wound modules
The SDM – equations are successfully describe steady state
permeation of water ﬂux (Jw) and solute ﬂux (Js) through dif-
fusion controlled NF-membranes. SDM is utilized to predict
permeate concentration (Cp), water and salt ﬂuxes (Jw, Js),
% permeate recovery (%PR), solute mass transfer coefﬁcient
(ks), and water and salt permeability (Kw, Ks). Mass balanceequations for solvent and solute in the membrane module
are written as [18,22,31–34]:
Qf ¼ Qc þQp ð1Þ
QfCf ¼ QcCc þQpCp ð2Þ
The water-permeate transport equations are given as:
Qp ¼ ðDP DpÞKwA ð3Þ
Consequently, the permeate ﬂux (Jp) is given by:
Jp ¼
Qp
A
¼ ðDP DpÞKw ð4Þ
The net hydraulic and osmotic pressure -differentials across
the membrane (DP, Dp) are mathematically expressed as:
DP ¼ P Pp ð5Þ
Dp ¼ p pp ð6Þ
The average hydraulic and osmotic pressures on the feed
side ðP; pÞ are given as:
P ¼ Pf þ Pc
2
ð7Þ
p ¼ pf þ pc
2
ð8Þ
The rate of salt ﬂow through the membrane is given by:
Ms ¼ ðC CpÞKsA ð9Þ
Consequently, the salt ﬂux (Js) is given by:
Js ¼Ms
A
¼ ðC CpÞKs ð10Þ
The average salinity on the feed side ðCÞ is deﬁned as:
C ¼ ðQfCf þQcCcÞðQf þQcÞ
ð11Þ
The performance of a NF-membrane is determined by: sol-
vent permeability (Kw), the recovery factor, and rejection fac-
tor %(SR).
The latter two parameters are expressed as:
%R ¼ 100 Qp
Qf
 !
ð12Þ
%ðSRÞ ¼ 100 Cf  Cp
Cf
 
ð13Þ
The hydrodynamics in spiral wound element are critically
inﬂuenced by the presence of the spacer material in the feed
and permeate channels. The latter reduces the void volume
and raises the effective velocities. A characteristic velocity in
a spiral wound element can be calculated as [35]:
ueff ¼ U=Aeff ð14Þ
The effective area (Aeff) can be calculated from the leaf
width (b), spacer thickness (hsp), and porosity (e). For this
the assumption is made that the effective channel height (h)
is equal to the spacer thickness (hsp), thus:
Aeff ¼ bhe ð15Þ
86 A.M.F. Shaaban et al.For channels with periodically variable cross sections, such
as spacer-ﬁlled feed and permeate channels, the hydraulic
diameter (dh), is given by:
dh ¼ 4 volume of flow channel
wetted surface
ð16Þ
For a ﬂat channel (b h) with spacer the resulting deﬁni-
tion is:
dh ¼ 4ðVTot  VspÞðSFc þ SspÞ ð17Þ
Using the deﬁnition for porosity (e):
e ¼ 1 Vsp
VTot
 
ð18Þ
and speciﬁc surface of the spacer (Sv,sp), and for ﬂat channel:
Sv;sp ¼ Ssp
Vsp
 
ð19Þ
The deﬁnition of the hydraulic diameter (dh) becomes:
dh ¼ 4e2
h
 þ ð1 eÞSv;sp
( )
ð20Þ
The effective cross ﬂow velocity (ueff) deﬁned by Eq. (14) is
now used to calculate the channel cross ﬂow Reynolds number
(Reeff) expressed as:
Reeff ¼ queffdhl ð21Þ
The Schmidt number (Sc) is deﬁned as:
Sc ¼ l
qD
 
ð22Þ
The mass transfer coefﬁcient (k) under laminar ﬂow condi-
tions is given by the following equation [11,31,32,36,37].
Sh ¼ k dh
D
 
¼ 1:86 Reeff  Sc  dh
L
  1
3
ð23Þ5. Results and discussion
5.1. Permeate side mass transfer coefﬁcient
For the calculation of Schmidt number (Sc), the effective
solute diffusivity was found to be 0.317  109 m2/s andTable 4 Solution diffusion model predicted mass transfer paramete
Exp. No. P Qf T Cf NDP
1 5 480 25 13,860 1.935
2 7 480 25 13,860 3.168
3 9 480 25 13,860 4.084
8 15 480 25 13,860 9.459
10 15 420 20 13,860 9.916
13 15 480 35 13,860 10.747
15 15 480 45 13,860 10.536
19 11 450 25 8200 7.148
22 5 480 25 2479 3.449
27 15 480 25 2479 13.3050.55  109 m2/s for reactive black (RB5)- and disperse red
(DR60) dyes respectively. Such variation is in good conformity
with permeate ﬂux increase with raising temperature. The cal-
culation of solute mass transfer coefﬁcients (k) for both RB5
and DR60 dyes on both feed and permeate sides reveals excel-
lent agreement with their corresponding diffusion coefﬁcients
(DDR60 = 1.8 DRB5). For the same operating conditions and
for the feed side, the mass transfer coefﬁcient (k) of DR60
was about 1.5 times that of RB5. For the permeate side, such
increase was about the same.
It was evident that the presence of high-NaCl concentra-
tions under alkaline conditions (RB5-solutions, pH = 9.5?
10) has resulted in a lower permeate ﬂuxes (Fig. 9), higher
salt- and color removal (Fig. 10). This might be due to: (i)
decrease in dye solubility, (ii) increase the ionic strength as well
as degree of aggregation of dye molecules via common ion
effect, (iii) increase in dye hydrophobicity, (iv) increase in the
tendency of dye molecules to be adsorbed by on the membrane
surface, (v) increasing the concentration polarization of both
salt- and dye-layers acting as an additional barriers to the pas-
sage of the color, (vi) higher osmotic pressure, lower NDP,
higher membrane + non-recoverable resistances. Less sharp
decline was proved when dealing with lean DR60-solutions
[28,38].
Solution diffusion model predicted mass transfer parame-
ters for experimental nanoﬁltration unit are illustrated in
Tables 4 and 5 for RB5 and DR60 respectively. The mass
transfer coefﬁcient on the permeate side (kp) is increased expo-
nentially with increasing cross ﬂow Reynolds numbers. The
exponential increase of (kp) at high cross ﬂow velocities sug-
gests that dye does not precipitate at all, whereas at low veloc-
ities, the salt concentration polarization causes a local salting
out of dye causing an increase of dye permeation rate through
the membrane [28].
In addition, the dependence of (kp) values was much less at
higher salt concentrations (RB5) due to the decrease of the
concentration polarization of dye molecules at high salt con-
centrations (higher kp values). At low salt concentrations
(DR60), formation of a gel layer inﬂuenced the mass transfer
coefﬁcient (kp).
The developed mathematical expressions for mass transfer
correlations (Fig. 13) may be written as:
kp ¼ 4E 5Re0:333eff for RB5 ð24Þ
kp ¼ 6E 5Re0:333eff for DR60 ð25Þrs for experimental nanoﬁltration unit (RB5).
Reeﬀ kp Kw Ks
108.48 1.87E4 2.050E6 1.033E5
162.72 2.15E4 1.879E6 1.184E5
216.96 2.36E4 1.943E6 1.114E5
282.05 2.58E4 1.091E6 1.319E5
260.36 2.51E4 0.960E6 1.320E5
325.44 2.70E4 1.108E6 2.312E5
347.14 2.76E4 1.205E6 2.339E5
368.84 2.82E4 1.888E6 1.389E5
274.82 2.56E4 2.915E6 4.493E6
444.77 3.00E4 1.223E6 7.945E6
Table 5 Solution diffusion model predicted mass transfer parameters for experimental nanoﬁltration unit (DR60).
Exp. No. P Qf T Cf NDP Reeﬀ kp Kw Ks
1 5 480 25 1410 3.886 173.57 3.17E4 1.634E6 5.100E7
3 9 480 25 1410 7.784 282.05 3.72E4 1.325E6 7.630E7
6 15 468 25 1410 13.645 379.68 4.11E4 1.018E6 7.030E7
8 15 450 25 1410 13.656 379.68 4.11E4 1.017E6 10.10E7
10 15 480 25 1410 13.682 368.84 4.07E4 0.986E6 8.220E7
12 15 480 25 1410 13.666 379.68 4.11E4 1.016E6 8.530E7
15 15 480 25 1410 13.611 433.93 4.30E4 1.166E6 9.580E7
16 15 348 25 540 14.519 325.44 3.90E4 0.820E6 2.070E6
18 15 348 25 556 14.535 289.28 3.75E4 0.728E6 2.050E6
21 15 348 25 590 14.531 274.82 3.69E-4 0.692E6 2.430E6
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R² = 1 
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Figure 13 Effect of cross ﬂow Reynolds number on permeate
side mass transfer coefﬁcient.
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Figure 14 Effect of temperature on permeate side mass transfer
coefﬁcient (pressure = 15 bar; ﬂow rate = 480 L/h; inlet feed
concentration of RB5- and DR60-solutions = 13,860 mg/L and
1410 mg/L respectively).
Nanoﬁltration unit for treatment of textile plant efﬂuent 87The membrane transport equation for the solution diffu-
sion model describes ﬂux through the membrane (Ji) as depen-
dent on the concentration of solute in both feed and permeate
and the pressure difference across the membrane [18,25]:
Ji ¼ DiKspi
cif  cip exp  #iðPfPpÞRT
h in o
l
¼ DiKspiai ð26Þ
Kspi ¼ csp=cdsp ð27Þ
Based on Eq. (26), the value of term ai¼ ciocp exp 
#iðPfPpÞ
RT
 	
 
l
is reduced with rising temperatures. The value of the
membrane sorption coefﬁcient (Ki), decreases too. However,
the diffusion coefﬁcient (Di) for each component increases.
The increase or decrease in permeation ﬂux depends on the
product of (Di) and (Kiai). Along with the increase of
temperature, the permeate ﬂux increases. Such fast increase
makes it clear that the value-added for (Di) is greater than
the value reduced for (Kiai). The direct proportionality of
(Di) with the mass transfer coefﬁcient of the solute on the
permeate side (kp), as proved by the Sherwood number (Sh),
results in a simultaneous increase of both.
Sh ¼ kpdh
Di
ð28Þ
The inﬂuence of temperature on the solute mass transfer
coefﬁcient (kp) for both dyes is presented in Fig. 14, proving
much less dependence of (kp) at higher salt concentrations.5.2. Water permeability coefﬁcient
Experimental results prove the direct proportionality of water
permeability coefﬁcient (Kw) with net driving pressure (NDP)
at constant boundary conditions. For DR60 experimental runs
and at a temperature of (25 C), ﬂow rate (480 L/h) and inlet
feed concentration of 1410 mg/L, the water permeability coef-
ﬁcient (Kw) increases from 1.00E6? 1.65E6 m3/m2 s bar as
the permeate ﬂux (Jp) and net driving pressure (NDP) increase
from 22.75 to 57.25 L/m2 h and 3.85? 14.50 bar respectively
(Fig. 15).
For RB5 experiments and at a temperature of (25 C), ﬂow
rate (480 L/h) and inlet feed concentration of 13,860 mg/L, the
water permeability coefﬁcient (Kw) proves higher increase from
1.00E6? 2.05E6 m3/m2 s bar as the permeate ﬂux (Jp) and
net driving pressure (NDP) increase from 34.3 to 45.7 L/m2 h
and 1.95? 10.75 bar respectively (Fig. 15).
In any case, the solvent permeability (Kw) is not constant,
but truly depends on trans-membrane net driving pressure
(NDP) rather than the net hydraulic pressure-differential
across the membrane (DP) [39]. Consequently Eq. (4) is mod-
iﬁed to:
Jp ¼ KwðDP DpÞ ð29Þ
where, Dp= 0 for pure water.
88 A.M.F. Shaaban et al.The correlation for Kw versus NDP takes the form of a typ-
ical power function, consequently:
KwðNDPÞ ¼ Kw;0ðNDPÞm ð30Þ
Fig. 15 shows measured water permeability coefﬁcient (Kw)
over net trans-membrane driving pressure (NDP) for RB5 and
DR60-dyes respectively. Experimental data of solvent perme-
ability coefﬁcient (Kw) reveal its best correlation with net driv-
ing pressure (NDP) as power functions rather than the net
hydraulic pressure differential across the membrane (DP) as
claimed by [39]. This might be caused by membrane compres-
sion or by an increased pressure drop on the permeate side at
higher ﬂuxes and a resulting decrease in driving force. The sol-
vent permeability-correlations for both dyes may be written as:
Kw ¼ 5E 6ðNDPÞ0:63 for RB5 ð31Þ
Kw ¼ 4E 6ðNDPÞ0:54 for DR60 ð32Þ
The graphical plot of Eqs. (31) and (32) reveals an average
pure water permeability of 1.00? 5.00E6 m3/m2 s bar,
where higher salt concentrations prove minor effects on water
permeability (Kw) as proved by Fig. 15.y = 5E-06x-0.63
R² = 0.722 
y = 4E-06x-0.54
R² = 0.614 
y = 25.04x0.303
R² = 0.704 
y = 12
R² =
0.00E+00
1.00E-06
2.00E-06
3.00E-06
4.00E-06
5.00E-06
6.00E-06
0 5 10
W
at
er
 p
er
m
ea
bi
lit
y 
co
eﬃ
ci
en
t (
K
w
), 
m
3 /
m
2 .
s.
ba
r 
Net driving pressure
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Figure 16 Effect of cross ﬂow velocity on RB5 and DR60 salt ﬂuxes (t
of RB5- and DR60-solutions = 13,860 mg/L and 1410 mg/L respectivThe water permeability coefﬁcient (Kw) is directly- and
inversely-proportional to the permeate ﬂux (Jp) and net driving
pressure (NDP) respectively. At low concentrated solutions,
the effect of increasing feed concentration (Cf) on osmotic
pressure is negligible that resulting in almost constant with
gradual decrease of both Jp and Kw. On the other hand, at high
concentrated solutions, the osmotic pressure is remarkably
affected by increasing feed concentration (Cf) causing a grad-
ual decrease in NDP. The incremental increase in feed concen-
tration (dCf) will result in: (i) less differential decrease in
permeate ﬂux with feed concentration (dJp/dCf) as compared
with that of net driving pressure (d(NDP)/dCf), and (ii) net
increase in water permeability coefﬁcient (Kw) (Fig. 15).
5.3. Salt permeability coefﬁcient
Salt transport is basically controlled by both concentration
gradient and salt ﬂux. For reactive black (RB5) experiments,
and for almost constant temperature and concentration of
25 C and 13,680 mg/L respectively, the salt permeability coef-
ﬁcient increases from 1.00E5? 2.35E5 m/s as the salt ﬂux
and net driving pressure increases from 1.45E1?.12x0.552
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Figure 17 Effect of salt ﬂux variation on salt permeability
coefﬁcient (temperature = 25 C; ﬂow rate = 480 L/h; inlet feed
concentration of RB5- and DR60-solutions = 13,860 mg/L and
1410 mg/L respectively).
Nanoﬁltration unit for treatment of textile plant efﬂuent 894.25E01 kg/m2 h and 1.95? 10.75 bar respectively. It is also
evident from Fig. 16 that increasing cross ﬂow velocities will
result in higher RB5-salt ﬂuxes as compared with those of
DR60 (low NaCl-content).
For DR60 experiments and at constant boundary condi-
tions of temperature (25 C), ﬂow rate (480 L/h) and inlet feed
concentration of 1410 mg/L, the salt permeability coefﬁcient
(Ks) increases from 5.00E7? 2.50E6 m/s as the salt ﬂux
(Js) and net driving pressure (NDP) increase from
2.5E3? 5.25E3 kg/m2 h and 3.85? 14.5 bar respectively.
Higher salt permeability coefﬁcients were predicted for high
NaCl-feed solutions as compared with dilute ones. In the latter
case the Ks-values are almost only dependent on salt ﬂux (Js)Table 6 Estimating of total product cost.
Item Estimated percent of total pro
I: Manufacturing cost = direct production costs + ﬁxed charges + plan
I/A: direct production costs
(1) Raw materials 10? 50% of total product co
(2) Operating labor 10? 20% of total product co
(3) Direct supervisory and clerical
labor
10? 25% of operating labor
(4) Utilities 10? 20% of total product co
(5) Maintenance and repairs 2? 10% of ﬁxed capital inve
(6) Operating supplies 10? 20% of cost of maintena
(7) Laboratory charges 10? 20% of operating labor
(8) Patents and royalties 0? 6% of total product cost
I/B: ﬁxed charges
(1) Depreciation 10% of ﬁxed capital investme
(2) Local taxes 1? 4% of ﬁxed capital invest
(3) Insurance 0.4? 1% of ﬁxed capital inve
(4) Rent 8? 12% of value of rented la
I/C: plant overhead costs
Estimated as: 50? 70% of cost of operating labor, supervision, and
II: General expenses = administrative costs + distribution and selling co
(1) Administrative costs 15% of costs of operating lab
product cost
(2) Distribution and selling costs 2? 20% of total product cos
(3) Research and development costs 2? 5% of every sales dollar,
(4) Financing interest 0? 10% of total capital inves
III: Total product cost = manufacturing cost + general expenses
IV: Gross earnings = total income  total product costvariations as negligible changes in concentration gradient
ðDC ¼ C CpÞ were registered (Fig. 17).
On the other hand, an exponential hydraulic relationship
between salt permeability coefﬁcient (Ks) and salt ﬂux (Js) is
veriﬁed experimentally for both dyes (Fig. 17), and are best
mathematically correlated as:
Ks ¼ 7E 6 e2:448 Js for RB5 ð33Þ
Ks ¼ 3E 7 e226:9 Js for DR60 ð34Þ6. Techno-economic and environmental aspects
Experimental results were used to conduct scaling-up of engi-
neering design calculations of a commercial size NF-plant for
the treatment of disperse dye-house waste efﬂuents (500 m3/d).
The offered price was $185,000. The total estimated processing
cost per 1 m3 permeate product is LE 6 that guarantees an
annual return on investment of 11% and may reach 28% when
the environmental return is considered (Table 6). The corre-
sponding payback periods were 5.3 and 2.7 years respectively.
On the other hand, a combined NF/RO system is considered
when reactive dye-house efﬂuents are considered. In such case
the study reveals positive proﬁtability potentials only when
environmental return on investment is considered.
r ¼ ðannual net profitÞðfixed capital investmentþ working capitalÞ ð35Þ
s ¼ ðdepreciable fixed capital investmentÞðaverage profit=yearÞ þ ðaverage depreciation=yearÞ
ð36Þduct cost
t overhead costs
st
st
st
stment
nce and repair
nt for machinery and 2? 3% of building value for buildings
ment
stment
nd and buildings
maintenance and repairs, or 5? 15% of total product cost
sts + research and development costs
or, supervision, and maintenance and repairs, or 2? 6% of total
t
or about 5% of total product cost
tment
90 A.M.F. Shaaban et al.7. Conclusions
The reuse of process water in the textile industry is consider-
able in terms of environment, economy and industrial manage-
ment by NF-membranes. Experimental results have proved the
effects of operating pressure, cross ﬂow velocity, concentration
of components, and temperature on permeate ﬂux and salt
rejection. The rise of pressure enhanced the transport rate of
solvents. The change of temperature led to variation of diffu-
sion and sorption coefﬁcients of components, and further
inﬂuenced the ﬂux.
Optimum performance was determined at P= 15 bar,
Qf = 480 L/h, T = 35 C. Differences between permeate ﬂux
values and salt rejections together with solute mass transfer
coefﬁcient, water and salt permeability for RB5 and
DR60-dye/salt mixtures were registered owing to variation
of NaCl-concentrations and solute molecular diffusivity
DRB5 = 0.317  109, DDR60 = 0.55  109 m2/s. The effect
of salt content on (i) solute mass transfer coefﬁcient, (ii) water
and salt permeability coefﬁcients, (iii) concentration polariza-
tion, (iv) ionic strength, dye adsorption and hydrophobicity,
was studied proving the membrane transport equation for
the SDM, and describing the ﬂux through the membrane (Ji)
as dependent on solute concentration and pressure difference
across the membrane where both diffusion (Di)- and sorption
(Ksp) coefﬁcients are considered. The mass transfer coefﬁcient
on the permeate side (kp) is increased exponentially with
increasing cross ﬂow Reynolds numbers (Reeff), temperature
(T), and inlet feed concentrations (Cf). The effect of NDP on
solvent permeability coefﬁcient (Kw) was studied proving an
excellent power mathematical correlation and revealing an
average pure water permeability coefﬁcient of (0.45E7 m3/
m2 s bar). Higher salt permeability coefﬁcients were predicted
at high NaCl concentrations, proving excellent exponential
correlation with corresponding salt ﬂux values. Deduced
experimental results are used for engineering a 500 m3/d waste
treatment unit proving positive proﬁtability potentials.
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